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Introduction 

There is growing evidence that the elements boron, selenium and zinc reduce PCa risk 
whereas calcium and cadmium increase risk (1-12).  The objective of this proposal was to 
determine if these elements differ in concentration and location between normal and 
tumor tissue and thus help to identify chemopreventative modes and mechanisms of 
action.  The project was able to make substantial progress toward identifying boron as a 
new chemopreventative element with a new mode of chemoprevention.  However, the 
tissue concentration data on selenium, zinc and cadmium did not substantiate significant 
associations between them and the severity of the disease.   
 
Pathologically graded human prostate was analyzed to determine the elemental 
concentrations in these tissues and their relationship with Gleason scores.  The results 
showed no significant differences in gross concentrations and Gleason scores (13).  
However, the variability of the element boron (B) was intriguing and so the 
chemopreventative properties of B were examined in human prostate cell lines.  These 
studies showed B had strong chemopreventative properties and future studies should 
examine if it is efficacious in a clinical trial (14-20).  Analyzing the intracellular location 
of the elements was difficult.  The art and science of biological sample preparation for 
NanoSIMS analysis is primitive, but images were obtained that showed the elements 
were compartmentalized within cells.  We are continuing to work with scientists at the 
Lawrence Livermore National Laboratory’s NanoSIMS microscopy laboratory to 
improve the resolution.  However, at the end of this grant the NanoSIMS procedure is 
still unable to provide unambiguous results on the intracellular localization of the 
elements in human tissue.  On a positive side we were able to make significant progress 
in the characterization of boron as a chemopreventive agent.  This included the 
identification of a physiological mode of action a potential molecular target that may 
explain its chemopreventative action.   
 
Key Research Accomplishments 

Task 1.  To identify and maintain a series of progressively dedifferentiated samples. 
 
Accomplishments Project year 1:  Unmatched and matched sets of normal and tumor 
prostate tissue were collected from the UCLA Human Tissue Research Center.  
Unmatched samples were used to establish the methods for elemental analysis.  We had 
to use normal tissue from men with cancer because samples of normal tissue from normal 
men are nearly none existent.  The vast majority of tissue samples available have Gleason 
scores in the range from 6 to 7.    
 
Task 2.  To utilize state of the art inductive coupled plasma mass spectrometry to 
determine the concentration of the B,Ca, Cd, Se and Zn in whole tissue samples.  . 
 
Accomplishments Project year 2:  We analyzed matched pairs of normal and tumor 
tissue to determine the concentrations of B, Ca, Cd, Se and Zn in 23 different male 
donors.  The mean, median, range and coefficient of variation of the concentrations are 
given in Table 1.   
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Table 1. Elemental Concentrations of Normal and Tumor 
Prostate Tissue in 23 Men 
Normal  Boron Cadmium Calcium Selenium Zinc 
  ng/g ng/g µg/g ng/g µg/g 
 Mean 291 71 313 471 86 
 Median 90 58 300 480 73 
 Range 28 - 

3530 
8 - 220 82 - 830 200 - 

730 
9 - 
190 

 Std 
Error 

159 10 36 24 11 

 CV 256% 66% 56% 25% 63% 
Tumor       
 Mean 355 83 263 502 88 
 Median 100 61 270 520 84 
 Range 23 - 

2360 
20 - 250 80 - 430 15 - 820 110- 

180 
 Std 

Error 
129 12 18 34 9 

 CV 170% 70% 33% 33% 50% 
 
 
The concentrations in both normal and tumor tissue ranked as follows: Ca > Zn > Se > B 
> Cd.  A statistical comparison of elemental concentrations in normal and tumor tissue 
did not reveal significant differences (Table 2).  The coefficient of variation of the 
elements varied greatly between elements (Table 1).  The magnitude of variation 
followed the same rank in normal and tumor tissue: B > Cd > Zn > Ca > Se.  The high 
variation in boron concentrations was not expected.  Boron is not known to activate or 
covalently bind to proteins.  It’s variability and 10 fold range in concentration suggests 
that prostate is able to accumulate boron.  Examination of tissue using the NanoSIMS ion 
probe will determine where this occurs for boron and the other elements.   
 
 
Table 2.  Statistical Evaluation of Elemental Concentrations 
in Matched Normal and Tumor Tissue 
Element Statistical Comparison between Normal 

and Tumor Tissue 
Boron1 p = 0.31 
Calcium1 p = 0.46 
Cadmium1 p = 0.58 
Selenium1 p = 0.21 
Zinc2 p < 0.09 
 
We then determined the strength of the relationship between whole tissue elemental 
concentrations and pathological tissue classification will be determined by statistical 
analysis.   
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Accomplishments: Table 3 shows there was no relationship between Gleason score and 
the concentration of any element.   
 
Table 3.  Statistical Evaluation of the Relationship between 
Gleason Scores and Elemental Concentrations in Tumor 
Tissue 
Element Correlation Coefficient of Gleason Score 

versus Element Concentration 
Boron1 R = 0.10 
Calcium1 R = 0.13 
Cadmium1 R = 0.08 
Selenium1 R = 0.30 
Zinc2 R = 0.21 
 
Each of these elements had been positively or negatively associated with prostate cancer 
risk, but this did not show up as concentration differences at the gross tissue level.  We 
were concerned that the variability may have come from dye contamination used in the 
Clinical Pathology Laboratory to mark regions of the organ.   Dyes are applied to the 
outside of the prostate gland by clinical pathology laboratories to mark regions for 
technicians that subsequently prepare the gland for evaluation and Gleason grading.  We 
analyzed the elemental composition of the three dyes used at UCLA.  The results of 
triplicate measurements is given in the table below and show that element concentrations 
were too low to be a significant variable. 
 
 
Table 4.  Concentrations of elements in Pathology Laboratory Dyes 
Clinical 
Pathology 
Marker Dye 

Boron 
 
     ng/g 

Cadmium 
 
    µg/g 

Calcium 
 
    µg/g 

Selenium 
 
   µg/g 

Zinc 
 
 µg/g 

Black ND; ND; ND ND; ND; 4 ND; 17; 16  ND; ND; ND ND; ND; ND 
Blue ND; ND; ND 0.37; 0.39; 0.4 41; 39; 40 0.42; 0.34; 0.37 1.6; 1.5; 1.6 
Yellow ND; ND; ND ND; ND; ND  ND; ND; ND ND; ND; ND ND; ND; ND 
Limit of 
Detection 

 
60 

 
0.002 

 
10 

 
0.2 

 
0.3 

LD = limit of detection; ND = not detectable 
 
The source of the variability is most likely due to natural biological variability.   
 
Task 3.   To determine the microlocation and microconcentrations of B, Ca, Cd, Se and 
Zn in graded series of samples. 
 
Accomplishments (project years 2 and 3):  The NanoSIMS ion microscope was 
installed at Lawrence Livermore in the Fall of 2004 and the two scientists who ran it 
worked with us to obtain images of the elements in prostate cells.  Ion imaging of 
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elements within prostate cells was accomplished using the ion microscope (NanoSIMS 
50) located in the Analytical and Nuclear Chemistry Division of the Lawrence Livermore 
 National Laboratory.   

 
 
 
Figure 1.  The light areas represent the origin of secondary carbon-nitrogen polyatomic 
ions sputtered from the sample by primary cesium ions rostered across the cells.  The C-
N atoms, which represent protein, are at their highest levels around the nucleus and 
within the nucleolus.  The numbers to the right of the image indicate C-N polyatoms /per 
C emitted from the same region. 
 
Problems:   
 
Progress on Task 3 focused on the development of methods to prepare tissue for ion 
microscopy.  We purchased a Leica EM MM80 slam freezer to ultra-rapidly freeze 
prostate tissue and a Thermo Neslab CC-100 cold probe to regulate the dehydration 
phase.  Briefly, the Leica slam freezer was prechilled by filling with liquid nitrogen.  The 
tissue was slam frozen and transferred to a Dewar containing acetone chilled to – 83oC.  
The temperature of the acetone bath was controlled using the Thermo Neslab CC-100 
probe and refrigeration unit.  Samples were slowly brought to room temperature over a 
period of 72 hours.  The dehydrated tissue was fixed in osmium and embedded in Spurr 
Low Viscosity Resin.  This procedure was been successful using cultured prostate cells as 
the preparations look good when evaluated by scanning electron microscopy, however 
the acetone caused leakage of the membranes so techniques needed to be developed to fix 
and dehydrate cells and tissues without the use of membrane damaging agents.   
 
Ice crystals form in tissues frozen at -80oC or above.  When tissues are dropped into 
liquid nitrogen, the temperature conductance through the tissue is inefficient and crystals 
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form before the tissue drops below -80oC.  We employed slam freezing to prevent this.  
Ice crystals also form if water is not removed before the tissue is defrosted.  We used a 
freeze substitution method that replaced water with acetone.  This worked, but we were 
concerned that it may also disrupt ion distribution in the tissue.  In the third year of the 
project we switched to a Turbo Freeze Drier that holds samples down to -140oC under 
vacuum and during the warm-up phase when samples cross the -800C barrier a second 
time.  We are working with Scientist at Lawrence Livermore to determine if the 
resolution of images is greatly improved with our improved procedures and using 
prostate as a model system to develop the procedure for other human tissues.  This grant 
has ended, but the work will be continued pending success in applications for funds from 
other granting agencies.   
 
Accomplishments (project year 3 and no-cost time extension) 
 
During year 3 and the no-cost time extension considerable progress was made toward 
understanding how boron mediates its preventative effects.  We were able to identify a 
mode of action that may explain its ability to inhibit cell proliferation (figure 2-6).  Boron 
modulated the release of intracellular calcium stores at human physiological 
concentrations by inhibiting the NAD/cADPR calcium release pathway.  This is 
important, as the release of calcium stores activates numerous calcium binding proteins 
that regulate cellular processes, including the cell cycle.  These observations provide the 
stage to identify potential boron molecular targets that are involved in modulating stored 
calcium release.  
 
Studying the chemopreventive  properties of boron has presented a difficult challenge.  
Boron does not have a stable radioactive isotope and physiological concentrations are 
near detectable limits the inductively coupled plasma mass spectrometry (ICPMS).  All 
experiments require the use of ultrapure water, reagents and boron free labware. In 
addition students had to be trained to conduct all experiments using ultraclean procedures 
to avoid contamination.  
 
The following figures show in order: binding of boric acid, the physiological form of 
boron, to NAADP and cADPR, these are both intracellular calcium release signaling 
molecules (fig 2); inhibition of NAD stimulated calcium release from the endoplasmic 
reticulum (fig 3);  stereospecificity of boric acid’s effect on inhibition of calcium release 
shown by the ineffectiveness of methylboronic acid (fig 3);  stereospecificity of boric 
acid’s effect on inhibition of prostate cancer cell proliferation as shown by the 
ineffectiveness of methylboronic acid (fig 4);  stereospecificity of boric acid’s effect on 
the redistribution of intracellular calcium stores in the DU-145 cell line and the 
ineffectiveness of methylboronic acid (fig 5) 
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B. 

 

C. 

D. 
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Figure 2.  Negative ion ESI-MS spectra of NAADP, NAADP-BA complexes, cADPR 
and cADPR-BA complexes in water:acetonitrile:triethylamine mixtures at pH 10.3.  (A) 
100 µM NAADP showing an intense (M-H)¯ signal at m/z 742.7 (calcd 743.1 Da).  The 
signal at m/z 764.7 (calcd 765.1) is assigned as NAADP-Na+ adduct.  (B) A mixture of 
100 µM NAADP and 500 µM 11B(OH)3 produced signals corresponding to the NAADP-
BA complex at m/z 768.7 (calcd 769.1 Da).  KA for the complex formation was 
calculated as 82 ± 3.8 L/mol.  (C) 100 µM cADPR showing an intense (M-H)¯ signal at 
m/z 539.9 (calcd 540.0 Da).  The signals at m/z 549.0 and 557.8 are assigned as unknown 
impurities in the cADPR sample.  (D) A mixture of 100 µM cADPR and 500 µM 
11B(OH)3 produced signals corresponding to the cADPR-BA complex at m/z 585.7 (calcd 
586.0 Da), and the cADPR-borate complex at m/z 583.7 (calcd 584.0).  KA for the 
complex formation was calculated as 655 ± 99 L/mol. 
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Figure 3.  NAD+ and NADP+-induced Ca2+ release sensitivity in DU-145 cells treated for 
8 days with BA and CBA (250 and 1000 µM). (A) BA treatment (250 and 1000 µM) 
inhibited NAD+ (10 mM) induced Ca2+ release, whereas (B) CBA (1000 µM) treatment 
did not.  (C) BA (1000 µM) treatment reduced NADP+ (5 mM) induced Ca2+ release 
whereas (D) CBA (1000 µM) did not.  Traces represent mean fluorescence (Fluo-4) of 
four individual cell responses. 
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Figure 4.  Effects of BA and CBA on DU-145 cell proliferation.  A dose-dependent 
reduction in cell proliferation occurs in cells exposed to BA (■) for eight days (100-1000 
μM), but not CBA (□).  Values are presented as the mean of six independent 
measurements ± sem. (*) represents statistically significant means compared to the 0 μM 
BA control; (**) represents significant differences between BA and CBA at like dose.  
 
A 
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CBA 

 
 
Figure 5.  Intracellular Ca2+ distribution and concentration in DU-145 cells exposed to 
24-hour and 8-day BA and CBA. (A.) Fluorescent images depicting intracellular Ca2+ re-
distribution, from diffuse to sub-cellular localized, in DU-145 cells loaded with Fluo-4, 
following 8-day exposure to 0-1000 µM BA and CBA.  
 
 
I also note that we received the following letter concerning our funds from this grant and 
so the no-cost time extension did not extend an entire year.   
 
Ms. Conn, 
  
Please reference subject grant under the direction of Dr. Curtis Eckhert.  
We have received your SF 272 for the period 7‐1‐06 ‐ 9‐30‐06. 
I am very concerned that you have indicated a negative balance.  Our 
records indicate you have received all payments thus far totaling 
$417,082.  There are no payments remaining under this research project. 
  
Please check your records for this grant as you had requested a one year 
extension without additional funds on 30 March 2006.  Please plan to have 
Dr. Eckhert complete the statement of work.  If you have no remaining 
funds, please have Dr. Eckhert stop research and submit his 
final report.   Again, no further funds will be forthcoming.  Thank you 
for your attention to this matter. 
  
Sacelia L. Heller 
Sacelia L. Heller 
Contract Specialist 
301‐619‐7349 
301‐619‐3166 FAX 
 
KEY RESEARCH ACCOMPLISHMENTS 
 

• Successful procurement of Gleason graded tissue classified as normal, gleason 
grades 3, 5, 6, 7, 8. 

• Analysis of matched sets of normal and tumor tissue obtained from 23 different 
men for the elements, boron, calcium, cadmium, selenium and zinc. 
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• Statistical analysis shows there is no difference between normal and tumor 
concentrations of these elements.   

• Development of methods for NanoSIMS analysis for localizing elements within 
prostate cells. 

• First ion microscope images of prostate cells obtained using the NanoSIMS 
instrument at Lawrence Livermore National Laboratory 

• Significant progress made toward improving the preparation of prostate cells for 
higher resolution of the subcellular location of elements. 

• Observed a 10 fold range of boron concentration in prostate tissue suggested the 
element differed significantly between individual men and maybe related to the 
risk of prostate cancer.  

• Evaluation of the chemopreventative properties of boron with the outcome 
showing it is a strong chemopreventative agent. 

• Identification that the physiological form of boron, boric acid, inhibits calcium 
signaling and inhibits cell proliferation of prostate cancer cells 

• Identification of cADPR, a intracellular calcium release signaling molecule, as a 
molecular target of boric acid 

 
REPORTABLE OUTCOMES 
 
Manuscripts and Abstracts 
 
Barranco WT, Stella Jr SL, Kim DH and Eckhert CD. Boric acid inhibits the 

NAD/CD38/cADPR/Calcium Signaling Pathway.  Under review 
Henderson K and Eckhert CD. The Effect of Boron on the UPR in Prostate Cancer Cells 

is Biphasic, FASEB J, May, 2007 
Barranco WT, Hudak PF and Eckhert CD.  Erratum to: Evaluation of ecological and in 

vitro effects of boron on prostate cancer risk.  Cancer Causes Control 18:71-77, 
2007, Published Online: http://dx.doi.org/10.1007/s10552-007-0077-8, Cancer 
Causes Control, March, 2007. 

Barranco WT, Hudak PF and Eckhert CD. Evaluation of ecological and in vitro effects of 
boron on prostate cancer risk.  Cancer Causes Control 18:71-77, 2007. 

Barranco WT, Hudak PF and Eckhert CD. Evaluation of ecological and in vitro effects of 
boron on prostate cancer risk. Cancer Causes Control 18:71-77, 2007.  

Kim DH, Que Hee S, Norris A, Faull KF and Eckhert CD.  Boric acid inhibits ADP-ribosyl 
cyclase non-competitively. J. Chromatography A.  1115:246-252, 2006.   

Barranco WT and Eckhert CD.  Cellular changes in boric acid-treated DU-145 prostate 
cancer cells.  Brit J. Cancer 94:884-890, 2006. 

Henderson K and Eckhert CD.  Boric acid induces ER stress in DU-145 and LNCAP 
prostate cancer cell lines.  Soc. Tox. 2006. 

Barranco WT and Eckhert CD.  Inhibition of DU-145 Prostate Cancer Cell Proliferation 
by Boron and Selenium is Additive. FASEB J. 2005.   

Barranco W.T. and Eckhert C.D.  Boric acid inhibits human prostate cancer cell 
proliferation. Cancer Letters 216:21-29, 2004. 

Kim D. H. S.,  Faull K. F., Norris A. J., Eckhert C. D.  Borate-nucleotide complex 
formation depends on charge and phosphorylation state. J. Mass Spectrometry 
39:743-751, 2004. 
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Barranco, W.T. Eckhert, C.D. Boric acid acts as a cADPR / RyR antagonist during 
inhibition of human prostate cancer cell proliferation. FASEB J. 2004; 18:A351.2 
(352.2).   

Kim, D.H, Faull, K.F., Eckhert, C.D. Determination of borate complex with cyclic ADP-
ribose (cADPR) by electrospray ionization mass spectrometry (ESI-MS) FASEB J. 
2004; 18: A351.4 (351.4).  

Eckhert, C.D. Concentration and variation of boron, selenium and elements associated 
with cancer risk in non-tumor human prostate tissue.  FASEB J. 2004; 18:A351.3 
(351.3).  

 
Employment and Research Opportunities 
 
Support was provided for research training of the following students: 
 
Kim Henderson (currently a Ph.D. working on imaging elements using the NanoSIMS 
ion microscope at Lawrence Livermore) 
Joey Miller (currently a medical student) 
Wade Barranco (currently a Post-doc at the Cancer Center at Southwestern Medical 
School in Houston, TX) 
Danny Kim (Post-doc, UCLA) 
 
Grants and Clinical Trial 
 
Support provided data for preparation of NIH RO1 and R21 grants submitted to the NIH 
 
Support provided data for the design of a Clinical Trial to examine the chemoprotective 
effect of boron on men at risk for prostate cancer.  This is current under review.   
 
CONCLUSIONS 
 
The project was designed to determine the relationship between elemental concentrations 
and the risk of prostate cancer.  The work resulted in the identification of boron as a 
chemopreventative agent.  This led to submission of a new grant for further study of the 
role of boron in cancer to the NIH-NCI.  The project also provided data to support a 
clinical trial to determine if boron can reduce PSA levels in men at risk for prostate 
cancer.  This proposal is currently under review for approval by the UCLA IRB.  The 
work also resulted in the development of techniques to image the intracellular location of 
elements in prostate cells.  This has been the most difficult part of the project and there 
remains a need for further work in this area.   
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